Eastern Michigan University

DigitalCommons@EMU
Master's Theses and Doctoral Dissertations

Master's Theses, and Doctoral Dissertations,
and Graduate Capstone Projects

2020

Evaluating the role of Exo1p in chromosome breaks at FS2 in
Saccharomyces cerevisiae
Gillian Autterson

Follow this and additional works at: https://commons.emich.edu/theses
Part of the Biology Commons

Recommended Citation
Autterson, Gillian, "Evaluating the role of Exo1p in chromosome breaks at FS2 in Saccharomyces
cerevisiae" (2020). Master's Theses and Doctoral Dissertations. 1046.
https://commons.emich.edu/theses/1046

This Open Access Thesis is brought to you for free and open access by the Master's Theses, and Doctoral
Dissertations, and Graduate Capstone Projects at DigitalCommons@EMU. It has been accepted for inclusion in
Master's Theses and Doctoral Dissertations by an authorized administrator of DigitalCommons@EMU. For more
information, please contact lib-ir@emich.edu.

Evaluating the Role of Exo1p in Chromosome Breaks at FS2 in Saccharomyces cerevisiae
by
Gillian Autterson

Thesis

Submitted to the College of Arts and Sciences
Eastern Michigan University
in partial fulfillment of the requirements for the degree of

MASTERS OF SCIENCE
in
Molecular and Cellular Biology

Thesis Committee:
Anne Casper, Ph.D., Chair
Daniel Clemans, Ph.D.
Aaron Liepman, Ph.D.

November 15, 2020
Ypsilanti, MI

Acknowledgments
Completion of this thesis would not have been possible without the support from
my professors, family, and friends. I would like to thank my advisor, Dr. Casper, for having
faith in me and providing me this opportunity to grow as a student researcher. I would also
like to thank my thesis committee, Dr. Clemans and Dr. Liepman, for not only being
invaluable members of my committee, but for being wonderful professors during my
graduate studies. I would like to thank my parents for always pushing me to succeed in
everything that I do. Their support through this journey has meant the world. I would like
to thank Damon for his patience with me during my long nights studying and throughout
the process of writing this thesis. Finally, I would like to thank Rebecca for her friendship
and sense of humor, I would not have been able to get through graduate school without her.
Funding for this project was provided by the Graduate School at Eastern Michigan
University and the Don Brown and Meta Hellwig Graduate Research Award.

ii

Abstract
Exo1p is one enzyme that plays a role in the repair of breaks in DNA caused by a variety of
intrinsic and extrinsic factors. In this study, we hypothesized the following: (1) Lack of
Exo1p will cause an increase in de novo telomere addition at DNA breaks, and (2) lack of
the endonuclease Exo1p will lead to decreased fidelity of repair by homologous
recombination at DNA breaks. A yeast model system was manipulated to induce replication
stress, resulting in a break in DNA at fragile site FS2 on yeast chromosome III. The repair
mechanism used was identified, and the resulting genome was analyzed. We did not
observe increased de novo telomere formation at FS2 or decreased fidelity of repair by
homologous recombination in cells lacking Exo1p. We conclude that the functional
redundancy between Exo1p and other enzymes is sufficient to compensate for the loss of
Exo1p function in the cell.
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INTRODUCTION
The process of DNA replication is essential for cell division during periods of growth
and for repair of damaged tissues. However, the complex process of replication is
constantly challenged by intrinsic and extrinsic factors that can ultimately lead to DNA
damage. A stalled replication fork is one example of an internal factor that contributes to
DNA damage. A variety of agents, chromosomal locations, and growth conditions can cause
a replication fork to stall. For example, fragile sites are locations in the genome that are
particularly prone to double-strand breaks (DSBs) when DNA synthesis is interrupted in
cells grown under conditions of replication stress (Glover et al. 1984, Durkin and Glover
2007). When DNA replication is placed under stress, PI-3 kinases may be unable to stabilize
a replication fork, resulting in the collapse of the fork (Marechal and Zou 2013). The
collapse of a replication fork results in a one-end double-strand break (Figure 1).

Figure 1. Stalling of replication fork leads to fork collapse. The result of fork collapse
can lead to formation of a one-end double strand break. This may result in chromosome
loss or interhomolog recombination. Figure modified from: Navarro, M. S., Bi, L., Bailis, A. M.
(2017) A mutant allele of the transcription factor IIH helicase gene, RAD3, promotes loss of
heterozygosity in response to a DNA replication defect in Saccharomyces cerevisiae. Genetics
176 (3): 1391-1402.
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Homologous recombination pathways are a commonly used mechanism for repairs
of DSBs in dividing cells. Canonical break-induced replication (BIR) is a mechanism of
homologous recombination that is used in situations where one end from a double-strand
break acts independently to find a homologous sequence to use as a template for repair
(Sakofsky et al. 2017). BIR occurs in the following three scenarios: (1) when one end of a
DSB fails to engage with a homologous sequence, (2) when the two ends of the DSB find
different homologous templates for repair, or (3) when the DSB has only one end due to
fork stalling and collapse or eroded telomeres (Kramara et al. 2018, Sakofsky et al. 2017).
Homologous recombination pathways in yeast cells, including BIR, begin with extensive 5’3’ resection of the broken ends of DNA (Figure 2). This resected end is then bound by
Replication Protein A, followed by formation of the Rad51p-nucleoprotein filament that
aids in the search for homologous sequence of approximately 150 bp or more (Kramara et
al. 2018). With the aid of Rad51p, the resected end of the break invades another
chromosome forming a migrating displacement loop (D-loop). In the case of BIR, since
there is only one broken end available, once synthesis begins using the homologous
sequence it often proceeds through the end of the template chromosome (Figure 2)
(Kramara et al. 2018, Sakofsky et al. 2017).
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Figure 2. Rad51-mediated BIR repair mechanism at DSB. The BIR mechanism
of repair is shown in which the resected region searches for a homologous
template (~150 bp) with assistance of Rad51.

The 5’ end resection processing during the initial steps of DNA repair at a collapsed
replication fork might be one “decision point” that affects the type of repair that will
happen and the fidelity of that process. This DSB processing is executed through a two-step
mechanism (Figure 3) (Mimitou et al. 2008). First, Sae2 and the Mre11p/Rad50p/Xrs2p
(MRX) complex are responsible for the initial resection of the DSB by removing a small
number of nucleotides (~100 bases) (Yin and Petes 2014). This is a critical step in the
resection process and the mechanism is widely understood. However, it is limited to the
early stage in the reaction (Mimitou et al. 2008). Next, Exo1p and/or Sgs1p subsequently
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process the end for further resection of 100-1,000 bases (Figure 3) (Mimitou et al. 2008).
Blocking MRX or Sae2p is lethal in exo1D sgs1D double mutants, highlighting the
significance of the initial resection. However, in exo1D sgs1D double mutants that still have
functional MRX or Sae2p, resection still initiated, but the sequence was relatively short
compared to wildtype strains, with only ~100-600 nucleotides (Mimitou et al. 2008,
Symington 2016). It has been noted that in a stressed cell where short 3’ ends are available,
an aberrant repair mechanism with features similar to BIR, called microhomologymediated break-induced replication (mmBIR), will recover by annealing to single-stranded
DNA nearby with microhomology (Hastings et al. 2009).

Figure 3. Wildtype Exo1p vs Mutant exo1△ resection of 3’ end at DSB. In the
wildtype, after the recruitment of Sgs1 and MRX/Sae2 for the initial resection, either
Exo1p endonuclease or Sgs1p helicase provides further resection of the 5’ end. In the
mutant exo1△, this further resection occurs at a slower rate.

In addition to processing the secondary resection at a DNA break, Sgs1p and Exo1p
have various other roles in the cell. Sgs1 plays a role in unwinding the D-loop after invasion
into the homologous chromosome in addition to potentially inhibiting BIR-associated
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proteins. It has been suggested that Exo1p may act on the assembly of the BIR replication
fork (Lydeard et al. 2010) and play subtle roles with other redundant exonucleases in
homologous recombination (Tran et al. 2004).
Although Exo1p and Sgs1p appear to be somewhat functionally redundant in the
second, extensive resection of 5’ ends at a DSB, a number of studies have investigated the
individual involvement of Exo1p in the process. Strains lacking Exo1p (exo1D single
mutants) have normal kinetics of the initial resection and are still capable of the second
resection, although the rate of this second resection is much slower than in wildtype
strains (Mimitou et al. 2008, Yin and Petes 2014, Symington 2016). A study observed that
loss of Exo1p increases the rate of spontaneous crossovers, but could not explain why this
change occurred (Yin and Petes 2014). Additionally, they found that long gene conversion
events were absent in the exo1D diploid (Yin and Petes 2014). Another study noted that
exo1D diploids have increased the efficiency, or kinetics of repair, in BIR repair while the
efficiency of gene conversion (GC) repair was not affected (Lydeard et al. 2010). It has been
observed that in sgs1Dexo1D double mutants, DSBs are frequently repaired by telomere
addition due to the severe retardation of 5’ to 3’ resection (Lydeard et al. 2010). They
hypothesized that the result is a truncated chromosome with a newly added telomere,
approximately 1 to 4 kb away from the DSB end (Lydeard et al. 2010). It is well known that
Exo1p impacts the integrity of telomeres (Tran et al. 2004, Chung et al. 2010). When
telomerase is functional, Exo1p interferes with telomere elongation. However, when
telomerase is absent, Exo1p generates long single-stranded telomeric DNA that can activate
cell cycle checkpoints or promote the lengthening of telomeres during recombination (Tran
et al. 2004).
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Due to lack of clarity of the role of Exo1p has on the process of end resection at a
DSB independent of Sgs1p, the effect that a mutant exo1D has on repair in Saccharomyces
cerevisiae cells merits further study. There needs to be further analysis on whether the
hypothesis of premature de novo telomere addition at a DSB in sgs1Dexo1D double mutants
applies to exo1D mutants, as well (Chung et al. 2010). Additionally, there needs to be
further analysis of the impact that slowed resection has on the BIR pathway of homologous
recombination. In this study, we address the following questions: (1) Does lack of Exo1p
cause an increase in de novo telomere addition at DNA breaks? (2) Does lack of the
endonuclease Exo1p lead to decreased fidelity of repair of DNA breaks by homologous
recombination?
We will explore these questions using the following model system Saccharomyces
cerevisiae. In Saccharomyces cerevisiae, there is a well-described fragile site, called FS2, that
is prone to double-strand breaks under replication stress (Lemoine et al. 2010). This fragile
site is located on chromosome III and is composed of two, 6 kb Ty1 elements in inverted
orientation approximately 280 bp apart. When polymerase levels are reduced, FS2
frequently breaks, likely due to replication fork stalling and collapse (Lemoine et al. 2005).
The broken DNA at FS2 is often repaired by homologous recombination---specifically
break-induced replication (BIR), resulting in loss of heterozygosity (LOH) on yeast
chromosome III (Rosen et al. 2013).
With regard to the first question, we hypothesize that due to slower resection of the
initiating DNA break, exo1D cells are likely to have an increase in de novo telomere
formation at or near FS2. Based on previous literature, we predict that in diploids lacking
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Exo1p, de novo telomere addition near FS2 will be more likely, resulting in an increase in
truncated chromosome III (Chung et al. 2010).
With regard to the second question, we hypothesize that due to slower resection of
the DNA break, exo1D cells are likely to have an increase in microhomology-mediated
break-induced replication (mmBIR) at or near FS2 (Hastings et al. 2009). In canonical BIR,
the Rad51p-bound single-stranded end must interact with at least 150 bp of homologous
sequence to invade template DNA and form a stable D-loop for initiation of repair. In exo1D
cells, the single-stranded region at the broken 3’ end may be too short for Rad51p to invade
template DNA and form a stable D-loop. Thus, the cell may turn to pathways independent
of Rad51, and mmBIR has been hypothesized as one such pathway (Hastings et al. 2009).
The process of mmBIR does not rely on Rad51 for the invasion of the 3’ end. Instead, the
broken 3’ end anneals to short stretches (1-6 bp) of complementary sequence found in
single-stranded DNA already present in the cell, such as open origins of replication, stalled
transcription complexes, and other secondary structures in DNA such as hairpin loops
(Hastings et al. 2009). Because mmBIR uses such short regions of complementarity, it is
error-prone in its selection of template DNA for repair.
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METHODS
Model organism used to identify DNA repair events:
A yeast diploid model system was used to identify loss of heterozygosity at FS2 in
DNA on chromosome III based on design reported by Lee et al. (Lee et al. 2009). The
experiments were carried out in four different diploid yeast strains, named Y931, Y932,
AMC 355, and AMC 358 (Table 1). Each of these diploid strains was created by mating one
haploid derived from S288c, the strain sequenced for the Saccharomyces Genome Database
(SGD) with a haploid derived from strain YJM789. The genomes of these two haploids differ
by 0.05% (Wei et al. 2007). Diploid Y931 was created by mating haploids AMC 564 and
AMC 592. Diploid Y932 was created by mating haploids AMC 579 and AMC 606 (Figure 4).
Both Y931 and Y932 lack Exo1p and are designated as exo1D strains. The exo1D knockout
was performed using an integrative recombinant oligonucleotide which replaced an
inserted pCORE at the native location of EXO1 gene on Chromosome XV between 392-394
kb. The Exo1p knockout strains were compared to wildtype Exo1p strains AMC 355 and
AMC 358; these two strains were created by and reported in Chumki et al. (2016).

Table 1. Strain Characteristics of Y931, Y932, AMC 355, AMC358
Strain Name

EXO1 or exo1D

POL1 or GAL-POL1

Y931

exo1D

POL1

Y932

exo1D

GAL-POL1

AMC 355*

EXO1

GAL-POL1

AMC 358*

EXO1

POL1

*Strains created in Chumki et al. 2016
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Figure 4. Detailed S and Y haploid history resulting in haploids mated to
create Y931 and Y932 diploids. (A) EAS18, a relative of S288C, is the originating S
haploid (Sia et al. 2001). After several modifications, AMC564 (Native POL1) and
AMC579 (GAL-POL1) were the resulting strains used in diploid construction. (B)
YJM789 is the originating Y haploid (Wei et al. 2007). After several modifications,
AMC592 (Native POL1) and AMC606 (GAL-POL1) were the resulting strains used in
diploid construction. The strains in the yellow boxes, AMC564 and AMC592, were
mated to create Y931 diploid. The strains in the blue boxes, AMC579 and AMC606,
were mated to create Y932 diploid.
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There are four key features to the diploids that allowed for identification of DNA
repair events, shown in Figure 5. The first key feature is Fragile Site 2 (FS2) located only on
the SGD homolog; thus, the diploid is hemizygous for the fragile site on chromosome III.
FS2 is a pair of Ty1 retrotransposons in inverted orientation, and it is prone to doublestrand break formation in yeast cells under replication stress. The YJM homolog has a
single Ty1 retrotransposon that provides homology for recombination, but is not fragile
(Chumki et al. 2016, Lemoine et al. 2005). The SGD homolog of chromosome III also carries
two more Ty elements, which are not fragile, and carries an additional ~9 kb of sequence at
the end of chromosome III. These extra Ty elements and additional sequence are not
present on the YJM homolog of chromosome III. These characteristics lead to the SGD
chromosome being approximately 346 kb in size and the YJM homolog being
approximately 320 kb.
The second key feature is the genetic method used to induce replication stress.
Within each pair of diploids, one diploid strain (Y932 and AMC 355) is homozygous for
GAL-POL1. The POL1 gene is placed under control of GAL1/10 promoter, which induces
replication stress due to low levels of polymerase a caused by low galactose media. The
other diploid strains (Y931 and AMC 358) are homozygous for POL1 under its native
promoter (Chumki et al. 2016).
The third key feature is each diploid has four copies of the ADE2 gene: two copies of
the gene at its native location on chromosome XV, and two more copies inserted on
chromosome III. Both of the native location alleles are non-functional. On chromosome III,
one of the alleles is fully functional, while the other is a truncated, non-functional allele.
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Ade2p is an enzyme responsible in the biosynthetic pathway to produce adenine. When
Ade2p is lacking, the biosynthetic pathway is interrupted and there is a buildup of a red
intermediate molecule, causing the yeast to appear red. When loss of heterozygosity (LOH)
occurs near FS2, the only functional allele of ADE2 is lost, and the cell becomes red in color.
The last key feature of the diploid is various single nucleotides polymorphisms
(SNPs) located throughout the yeast genome. The genomes of the two haploids that were
mated together to make the diploids differ by 0.05% (Wei et al. 2007). The SNPs are
distinguished based on their position in the genome. For example, SNP 113 is located on
yeast chromosome III at base 113,543. The zygosity of SNPs along chromosome III allowed
for classification of the DNA repair event (Figure 5).

Figure 5. Diploid yeast model. The diploid was made by mating a haploid related to
the strain sequenced in SGD with a haploid related to YJM789 (Wei et al. 2007). The
SGD homolog of chromosome III is shown here in white. The YJM homolog of
chromosome III is shown here in red. Fragile Site 2 (FS2), an inverted pair of Ty1
retrotransposons, represented by blue arrows, is located at approximately 169 kb on
SGD chromosome. A single Ty element is at the same position on YJM chromosome.
ADE2/ade2 is located distally from FS2. Single nucleotide polymorphism (SNP)
locations 113, 164, and 298 are designated along both chromosomes.
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Induction of replication stress and breaks at FS2:
Diploids Y931, Y932, AMC 355, and AMC 358 were placed in high galactose (0.5%
yeast extract, 1% peptone, 1.5% raffinose, 0.05% galactose) or low galactose (0.5% yeast
extract, 1% peptone, 1.5% raffinose, 0.005% galactose) media at an OD600 of 0.200-0.250,
determined using a Beckman Coulter DU800 spectrophotometer. A raffinose based media
was used rather than dextrose so the sugar source did not interfere with the function of the
GAL1/10 promoter. In Y932 and AMC 355 in low galactose media, there are low levels of
polymerase a, due to POL1 being under control of GAL1/10 promoter; therefore, DNA
replication is expected to be under stress in Y932 and AMC 355. In these two yeast strains
in the high galactose media, there are high levels of polymerase a and replication is
expected to occur at normal rates in Y932 and AMC 355. The levels of polymerase a in
Y931 and AMC 358 are unaffected by the varying amount of galactose. These cultures were
shaken for 6 hours at 30°C.

Screening for cells with LOH at FS2:
After the 6-hour incubation period, the samples were diluted 3000-fold and then
plated and grown for ~96 hours at 30°C on a raffinose-based media (0.17% yeast nitrogen
base without amino acids and ammonium sulfate, 0.5% ammonium sulfate, 3% raffinose,
3% agar, 0.05% galactose, supplemented with all standard nutrients except for adenine,
which was supplemented at half the standard level) (Sambrook and Russell 2006). The
media used had a high galactose concentration so that the cells under replication stress
were able to recover and replicate. Additionally, this media had a low concentration of
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adenine to enhance the development of red coloration in cells that lack a wildtype allele of
ADE2. The colonies were counted and plates were screened for sectored colonies.
A sectored colony appears due to a break at FS2 and repair that causes LOH at the
ADE2/ade2 locus on chromosome III (Figure 6). These sectored colonies were collected
and cells were isolated from both the red and the white side of each colony. DNA was
extracted from the cells using a boil-freeze method. The cells were suspended in sterile
water and heated at 100 °C for 6 minutes and immediately placed at -80 °C for a minimum
of 15 minutes. The samples were subsequently thawed and centrifuged at 14,000 x g and
the supernatant containing the DNA was collected.

Figure 6. Example of LOH at the ADE/ade2 locus on chromosome III after
repair of break at FS2.After a break at FS2, in this example the SGD homolog uses
the YJM homolog as template for repair by BIR. The result is a diploid being
homozygous ade2 on chromosome III. Lack of a wildtype allele of this gene leads to
the accumulation of a red intermediate causing the yeast to appear red. This red
pigment is seen in only one half to a quarter of the sectored colony, depending on
whether the repair occurred during the first or second division after plating.
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SNP analysis of sectored colonies:
The supernatant containing the DNA was used for analysis of SNPs 113 and 298 on
chromosome III. This analysis was done by PCR amplification of polymorphic sites on the
sectored colonies to analyze zygosity on chromosome III. This analysis determined
whether the LOH event is reciprocal crossover (RCO), BIR, GC, or chromosome loss (Figure
7). The thermocycling parameters used were as follows: (1X) 94 °C for 2 minutes; (35X) 94
°C for 10 seconds, 50 °C for 20 seconds, 72 °C for 25 seconds; and (1X) 72 °C for 6 minutes.
The thermal cyclers used for amplification were BIO-RAD T100 and BIO-RAD MyCycler.
We first examined the sequence on chromosome III at base 113,543 (SNP 113) on
the red side of the colony. We used the zygosity of this SNP to determine whether the LOH
event was due to chromosome loss. The primers used were
5’AAAAACTTATCCCACGAATTTGA and 5’AGAACAATGGGCGAAAACAG. PCR products were
digested with MnII restriction enzyme, which cuts the YJM PCR product in one location. The
undigested product is 462 bp. The digested product results in 335 bp and 127 bp product.
If chromosome loss had occurred, we expected that the red cell is hemizygous YJM at SNP
113, which would be seen as two digested products of 355 bp and 127 bp in size. If
chromosome loss had not occurred, we would expect to see a result that is heterozygous at
SNP 113, which would be seen as three products of 462 bp, 355 bp, and 127 bp in size. If a
SNP 113 appeared homozygous for SGD, only resulting in one undigested 462 bp product, it
was retested. Any sectored colony that was hemizygous for the YJM allele at SNP 113 in the
red cell was not included in further analysis due to the fact that this event was due to
chromosome loss, which is not applicable to studying the effect of exo1D (Chumki et al.
2016).
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The sectored colonies heterozygous at SNP 113 were next analyzed at base 298,875
on chromosome III (SNP 298). Both the red side and the white side of each sectored colony
were examined for SNP 298. The primers used were 5’ACGTCTGCGGCTGGTTGAC and
5’CCTACGGTCTTCCGCGTTG. PCR products were digested with RsaI, which cuts the YJM
PCR product in one location. The undigested product is 353 bp. The digested product
results in 226 bp and 127 bp product. The zygosity of the white and red sides of the
sectored colony were used to classify the type of repair event that occurred (Figure 7). For
BIR, the white side is heterozygous at SNP 298 and the red side is homozygous YJM. For GC,

Figure 7. Repair event classification based on zygosity at SNP 298. Zygosity is
determined using PCR amplification of SNP 298 and digestion with the RsaI restriction
enzyme. SNP 298 is located on the far-right arm of chromosome III. Both the red and
white sides of the sectored colony are analyzed. A repair event would be classified as BIR
if the white is heterozygous and the red is homozygous YJM at SNP 298. A repair event
would be classified as GC if the white and red are heterozygous at SNP 298. A repair
event would be classified as RCO if the white portion is homozygous SGD and the red
portion is homozygous YJM at SNP 298.
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both the white and red side are heterozygous at SNP 298. For RCO, the white side is
homozygous SGD at SNP 298 and the red side is homozygous YJM. The only sectored
colonies that were further analyzed were the ones that resulted from GC or BIR (Chumki et
al. 2016).

Contour-clamped homogenous electric field (CHEF) gel electrophoresis:
To identify gross chromosomal changes, DNA was harvested in agarose blocks to
prevent shearing as described in (Lobachevet et al. 2002). Chromosomes were separated in
a 1% gel in 0.5X TBE at 14 °C using a BioRad CHEF mapper system. On the CHEF Mapper,
switch times starting at 47 sec and extending to 2 min 49 sec at 5V/cm for 33 hr were used
to separate all yeast chromosomes. Gels were post-stained with GelRed (Biotium).

Southern blotting:
DNA in CHEF gels was transferred to Hybond N+ membrane (GE Healthcare Life
Sciences) by a neutral transfer using a standard protocol (Sambrook and Russell, 2006).
Membranes were probed with CHA1, a gene located on the left arm of chromosome III. The
CHA1 probe was made by PCR using the following primers: 5’
CTGGAAATATGAAATTGTCAGCGAC and 5’ TGAATGCCTTCAACCAAGTGGCTCCTTC. Probes
were biotin labeled using the North2South Biotin Prime Labeling Kit (Thermo Scientific).
The probes were hybridized using streptavidin horseradish peroxidase (HRP) after a brief
blocking period with wash buffer and blocking buffer. The membrane was then incubated
with the chemiluminescence developer solution was imaged with ChemiDoc XR imaging
system (BioRad).
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Next generation sequencing to determine zygosity at all SNPs genome-wide:
Harvested DNA was prepared for next generation sequencing using Illumina
Nextera DNA Flex Library Prep kit. Whole genomic DNA was enzymatically fragmented in
~300 bp long pieces, and sequencing adaptors and unique indexes were attached to each
end. Illumina Next-generation sequencing was completed by Novogene. The pieces of DNA
are sequenced by reading approximately 150 bases in the forward direction and 150 bases
in the reverse direction. The pairs of sequenced reads were aligned to the Saccharomyces
cerevisiae reference genome using CLC Workbench by QIAGEN Bioinformatics. If both the
forward and reverse sequencing reads of a pair align to one specific location in the genome,
these reads are shown as blue sequences. Light and dark blue shades indicate whether a
read was mapped in the forward or reverse direction. Reads that have matched equally
well to multiple locations in the genome are yellow and are typically repetitive elements
such as deltas and Ty elements. Sometimes reads have faded versions of their color at
either end of the read. This means that while one portion of the read mapped to the
sequence at that location, the end of the read mapped elsewhere in the genome. If the
forward and reverse sequencing reads of a pair align to widely spaced locations in the
genome, then these reads are shown in red or green. Single reads mapping in the forward
direction are green while single reads mapping in the reverse direction are red (Figure 8).
When green and red reads are found sporadically, this is indicative of a poorly sequenced
reads but when found in clusters, this indicates that a rearrangement is present at this
location such as a sequence insertion, deletion or translocation.
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Figure 8. Sequenced reads of aligned to Saccharomyces cerevisiae reference
genome. A portion of Chromosome III is shown here. The blue sequences are paired
reads mapped to the Saccharomyces cerevisiae reference genome. The light blue and
dark blue shades indicate whether the sequence was mapped in the forward or reverse
direction. Dispersed throughout are red and green single reads mapped to the
reference genome.
When an insertion in the genome has occurred, we expect to see an increase in the
coverage of the inserted gene elsewhere in the genome as well as an abundance of red and
green aligned sequence reads at the location of insertion (Figure 9a). When there is a
deletion in the genome, we expect to see a decrease in the coverage along the span of the
deletion. When there is a deletion on only one homolog of a chromosome, the coverage
drops to 50% (Figure 9b) compared to a deletion on both homologs, the coverage drops to
0% (Figure 9c). Differences between YJM and SGD haploids other than single-nucleotide
polymorphisms can also be observed in the sequencing, for example, when there is a
location in the genome where only one haploid has sequence missing at that location, such
as a delta element, we similarly expect to see the coverage drop to 50% (Figure 9d).
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(a)

(b)

(c)

(d)

Figure 9. Four examples of variation in coverage of sequenced reads aligned to
Saccharomyces cerevisiae reference genome. (a) Location of the genes CUP1 and SFA1
were inserted on Chromosome III at ~177 kb. The site of insertion is identified by the green
and red sequenced single reads. (b) At FS1 on chromosome III, the SGD haploid has a
deletion of sequence from ~148-152 kb. (c) The Exo1 gene was deleted from both homologs
of Chromosome XV. This homozygous deletion is identified by no sequence coverage. (d)
Location where Delta 6 is only found on the SGD haploid on Chromosome III. Between 124
kb and 125 kb, a delta is located on the SGD chromosome which is identified by the
decreased coverage where only the YJM sequence is represented.
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The CLC Workbench program was used to identify differences in zygosity at various
SNPs from the whole genome sequence aligned to the reference sequence. A table was
exported from CLC that contained the location of each identified SNP in the genome, the
percent of YJM alleles at each identified SNP, and the number of sequencing reads crossing
each identified SNP (that is, the depth of coverage) (Table 2). Microsoft Excel was used to
plot the percent of reads that have YJM alleles at each SNP, and to plot the number of
sequencing reads crossing each SNP (Figure 10).

Table 2. Example of chromosome III SNP data generated by CLC Workbench
Chromosome III
Mapping (SNP)
145735
145988
146420
152546
154005
157998
158141
158345
158378

Frequency of YJM
allele
47.1042471
51.69491525
54.10628019
52.28426396
50.60240964
100
100
99.56140351
99.10313901

Sequence
Coverage
259
236
207
197
249
253
216
228
223
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Figure 10. Blue and Orange Graph shows the location on chromosome III where the frequency of YJM jumps to
100%. The blue graph displays the frequency of the YJM allele at each SNP along chromosome III. As seen here, the
frequency of YJM jumps to 100% at ~154kb on chromosome III. The orange graph displays the sequence coverage along
chromosome III. The coverage is consistently 2X throughout the entirety of chromosome III in this example.

In a normal diploid cell, at any SNP in the genome we expect that half of the
sequencing reads will have the SGD allele and half of the sequencing reads will have the
YJM allele. However, when the broken SGD homolog uses the YJM DNA as a template for
repair, the SGD DNA from that location forward is no longer present in the cell causing the
percentage of sequencing reads to be 0% SGD and 100% YJM. This location of the jump to
100% YJM DNA is considered the junction at which the repair event was initiated. We
assume that the repair event was initiated somewhere between the last heterozygous SNP
and the first SNP that is homozygous for the YJM allele, so depending on the proximity of
SNPs to each other, this location can typically be mapped to a region ~1-4 kb in length
along the chromosome.
In addition to the percentage sequencing reads with YJM or SGD alleles in the
genome, the depth of coverage of our sequencing was analyzed. In a normal diploid cell, we
expect the number of sequencing reads to be approximately equal throughout the genome.
This average level of coverage we designated as “2X coverage,” representing the two
homologs of each chromosome within the diploid. If one of the two homologs of a
chromosome is lost, or if part of one homolog is lost, then the sequencing coverage within
the region that has been lost would drop to 1X. If chromosome duplication has occurred,
the coverage would increase to 3X.
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RESULTS
Replication stress causes sectored colonies:
Diploids were either placed under replication stress (low galactose) which induces
breaks at FS2 (Lemoine et al. 2005), or they were placed in an environment conducive for
normal replication (high galactose). LOH events on chromosome III were collected from
wildtype and exo1D diploid cells undergoing mitosis in each condition. The model system
used results in red/white sectored colonies upon plating when a LOH event has occurred
due to a break at FS2 (Lee et al. 2009). The red/white sectored colony forms when a cell
loses the wildtype ADE2 allele on chromosome III during either the first or second mitotic
division after plating (Figure 11).

Figure 11. Sectored colony formed during first or second division of mitosis.
Red pigment on the bottom left of the colony is present due to LOH at the ADE21/ade2-1 locus on chromosome III.

Both of the exo1D diploids (Y931 and Y932) and the wildtype EXO1 diploids (AMC
355 and AMC 358) were tested under high and low galactose conditions (Table 3). Diploids
AMC 358 or Y931 both have the POL1 gene under its native promoter, and neither of these
diploids produced any sectored colonies after the 6-hour incubation period in either the
high or low galactose environments. Diploids AMC 355 and Y932 both have the POL1 gene
under control of the GA1/10 promoter. AMC 355 produced sectored colonies in both
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environments, with a 31-fold increase in the number of sectored colonies in low galactose.
Y932 also produced sectored colonies in both environments with a 34-fold increase in the
number of sectored colonies in low galactose.
Table 3. Frequency of sectored colonies collected in high and low galactose
environment
Strain
AMC 358
AMC 358
AMC 355
AMC 355
Y931
Y931
Y932
Y932

Description

Treatment

Exo1p
Native POL1
Exo1p
Native POL1
Exo1p
GAL-POL1
Exo1p
GAL-POL1
exo1D
Native POL1
exo1D
Native POL1
exo1D
GAL-POL1
exo1D
GAL-POL1

High
galactose
Low
galactose
High
galactose
Low
galactose
High
galactose
Low
galactose
High
galactose
Low
galactose

Total
colonies
screened

Total
sectored
colonies

Frequency
LOH events
(x10e-5)

n= 8,484

0

0

n= 5,868

0

0

3

18

n= 5,398

93

1723

n= 3,872

0

0

n= 26,328

0

0

n= 9,408

3

32

n= 6,140

102

1661

n= 16,988

Similar frequency of sectored colonies in EXO1 and exo1D diploids when under
replication stress:
The purpose of comparing the sectored colonies between the exo1D diploid and
wildtype EXO1 diploid was to determine whether the lack of Exo1p impacted the frequency
of sectored colonies produced due to a replication induced break at FS2. When Y932
diploids are placed in a high-stress, low galactose environment, there was no statistical
difference in the frequency of sectored colonies produced in comparison to AMC 355 (chisquare analysis, p = 1.0, degrees of freedom = 1). Of the 6,140 Y932 colonies screened, 102
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sectored colonies were observed. Of the 5,398 AMC 355 colonies screened, 93 sectored
colonies were observed. Therefore, the frequency of sectored colonies in the exo1D diploid
is 0.0167 and in the EXO1 wildtype the frequency is 0.0172.

Restriction digest products at SNPs on chromosome III determine repair mechanism
used at break:
To better define the repair mechanism used at break sites, SNPs were analyzed in
each sectored colony collected from Y932. SNPs in sectored colonies collected from AMC
355 were previously analyzed and used for comparison (Oberlitner 2020). The first SNP
analyzed was SNP 113. The purpose of analyzing SNP 113 was to determine which
sectored colonies have LOH resulting from chromosome loss. Of the 102 sectored colonies,
44 were heterozygous (Figure 12a), 45 were homozygous YJM (Figure 12b), and nine were
homozygous SGD (Figure 12c) at SNP 113. The zygosity of seven sectored colonies could
not be determined and these sectored colonies were not analyzed further. The sectored
colonies that were homozygous YJM at SNP 113 were not included in further analysis
because this is reflective of chromosome loss and not in the interest of this study.
The second SNP analyzed was SNP 298, located on the right arm of chromosome III.
The purpose of this analysis was to classify each sectored colony as having been repaired
by break-induced replication (BIR), gene conversion (GC), or reciprocal crossover (RCO). Of
the 44 sectored colonies that were heterozygous at SNP 113, four did not regrow and were
not tested for SNP 298. Of the 40 sectored colonies analyzed, 27 were classified as BIR
(Figure 12d), four were GC (Figure 12e), five were RCO (Figure 12f), and four had
inconclusive results and the type of repair event was not determined.
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Figure 12. Examples of SNP 113 and SNP 298 restriction digest and
recombination event classification. (a) Cells that are heterozygous at SNP 113
have three bands in the gel: an undigested 462 bp product, restriction digest
products of 355 bp, and 127 bp. (b) Cells that are homozygous for the YJM allele at
SNP 113 have two bands in the gel: restriction digest products of 355 bp and 127 bp.
(c) Cells that are homozygous for the SGD allele at SNP 113 have one band in the gel:
an un-digested with of 462 bp. Smaller bands seen in this lane are from star activity
of the restriction enzyme. (d) Representative of a BIR repair event. The left gel lane
(white side of sectored colony) is heterozygous with digest products 353 bp, 226 bp,
and 127 bp. The right gel lane (red side of sectored colony) is homozygous YJM with
digest products 226 bp and 127 bp. (e) GC repair event. Both the white and red (left
and right, respectively) are heterozygous with digest products 353 bp, 226 bp, and
127 bp. (f) RCO repair event. The left side (white) is homozygous SGD with an
undigested product of 353 bp. The right side (red) is homozygous YJM with digested
products of 226 bp and 127 bp.

No significant difference in the frequency of homologous recombination between
exo1D and EXO1 cells when placed under replication stress:
The purpose of comparing the type of events causing LOH between mutant exo1D
and EXO1 cells was to determine if exo1D and/or EXO1 cells favored one form of repair over
another. There was no significant difference (p = 0.8415) in the ratio of chromosome loss
vs. homologous recombination (GC + BIR + RCO) in cells lacking Exo1p compared to
wildtype cells when placed under replication stress (chi-square value of 0.04, degrees of
freedom=1) (Table 4). There was a statistically significant difference (p = 0.0045) in the
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ratio of RCO, GC, and BIR in cells lacking Exo1p (Y932) compared to wildtype cells (AMC
355) when placed under replication stress (chi-square value of 10.8, degrees of freedom =
1).
Table 4. Percentage of events resulting in LOH in exo1D and EXO1 diploid cells
Strain
Y932

Description
exo1∆ - GAL-POL1

Treatment
High Galactose

Total # SCs
3

AMC 355
Y932
AMC 355

Exo1p - GAL-POL1
exo1∆ - GAL-POL1
Exo1p - GAL-POL1

High Galactose
Low Galactose
Low Galactose

8✝
102
319✝

Percent of LOH due to each type of event
% Chr Loss
% BIR
% GC
% RCO
0 (0)*
33.3 (1)*
33.3 (1)*
33.3 (1)*
50 (4)*
44.1 (45)*
52.9 (169)*

12.5 (1)*
26.4 (27)*
35.4 (113)*

37.5 (3)*
3.9 (4)*
9.7 (31)*

0 (0)*
4.9 (5)*
0.9 (3)*

* The number in parentheses ( ) is the raw number of events identified.
† Data reported in Oberlitner 2020.

Altered size of chromosome III in exo1D sectored colonies repaired by BIR or GC:
The purpose of this analysis was to determine whether the size of either homolog of
chromosome III in our collected sectored colonies was altered after repair due to the use of
a homologous sequence being used as the template that may differ from the original sized
chromosome. We analyzed only cells from the red side of each BIR or GC sectored colony,
because chromosome III in the white side of these colonies is unchanged by the repair
event (Figure 7). The CHA1 probe to the left arm of chromosome III allowed us to locate
both homologs of chromosome III on the CHEF gel and compare their sizes to the original
size (Table 5) (Figure 13). The original size of the YJM homolog is ~320 kb, while the
original size of the SGD homolog is ~346 kb.
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Table 5. Sizes of chromosome III in the red side of each sectored colony repaired by
break-induced replication or gene conversion.

SC2544

GC

Change in size of small
chromosome compared to
original YJM (~320 kb)
n/a

SC2545

BIR

n/a

~14 kb smaller

SC2547

BIR

n/a

~26 kb smaller

SC2548

BIR

n/a

~26 kb smaller

SC2549

BIR

n/a

~126 kb smaller

SC2551

BIR

n/a

~170 kb smaller

SC2552

BIR

n/a

~220 kb larger*

SC2553

BIR

n/a

~14 kb smaller

SC2556

BIR

n/a

~14 kb smaller

SC2557

BIR

n/a

~14 kb smaller

SC2560

BIR

n/a

~14 kb smaller

SC2563

BIR

n/a

~14 kb smaller

SC2564

BIR

n/a

~36 kb smaller

SC2565

BIR

n/a

~14 kb smaller

SC2566

BIR

n/a

~14 kb smaller

SC2567

BIR

n/a

~14 kb smaller

SC2568

BIR

n/a

~14 kb smaller

SC2569

BIR

n/a

~14 kb smaller

Sector colony

Repair type

Change in size of large
chromosome compared to
original SGD (~346 kb)
~8 kb smaller

n/a refers to no observed change
* Sizing is not consistent with repair using only YJM as template
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Figure 13. CHEF gel and Southern blot analysis of chromosome III size after repair.
Using the original YJM (~320 kb, in haploid AMC 353) and SGD (~346 kb, in haploid AMC
356) homologs for comparison, the sizes of chromosome III homologs are examined by
Southern blot analysis of the CHA1 probe on the left arm. Only the red side of each
sectored colony was analyzed for chromosome III size.
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Site of BIR initiation varies in exo1D cells:
Of the 31 sectored colonies that were classified as having been repaired by BIR or
GC, genomic DNA sequence from 18 colonies was analyzed by next generation sequencing.
The purpose of this analysis was to determine the location where the repair event was
initiated, and determine the length of the repair event. We found that the repair events
initiated at various locations along the chromosome (Figure 14). Four repair events that

Figure 14. Location of repair initiation and length of repair events in sectored
colonies. The solid line is representative of the length of YJM DNA that was used to repair
the SGD homolog with 2X coverage. The dotted line represents sequencing that was only
1X, indicating that this portion of the SGD chromosome III has been lost from the cell. The
numbers in the parentheses is the region between the last heterozygous SNP and first
homozygous YJM SNP.
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were originally characterized as BIR initiated directly at FS2. There are two instances
where the coverage dropped to 1X after a BIR repair event had initiated and three
instances where the decrease in coverage occurred immediately (Table 4). In the cases
where coverage has dropped to 1X, there is either a de novo telomere addition at this point,
or the repair process at this point engaged a non-homologous chromosome to copy (Table
6).
Table 6. Comparison of repaired SGD chromosome size to location where coverage
drops to 1X
Size of repaired
Location where 1X
Size of repaired SGD
chromosome
Strain
coverage begins
chromosome
consistent with
telomere addition
SC2547
170,045
~320 kb
No
SC2548
170,045
~320 kb
No
SC2549
170,045
~200 kb
No
SC2551
170,045
~170 kb
Yes
SC2564
170,045
~310 kb
No

SC 2551 is consistent with de novo telomere addition to heal the break, because the
size of the repaired chromosome III on the Southern blot is approximately the same size as
the portion of chromosome III that has 2X sequencing coverage (Figure 13 and Figure 15).
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Figure 15. SC2551 is repaired by de novo telomere addition after 170,045 on
chromosome III. At location 170,045 there is a 50% drop in coverage. This is
representative of a deletion within one of the two haploids (Figure 9b). The yellow
sequence seen at 200 kb is the MAT locus. The location where there is a loss of
coverage at 170,045 is consistent with the sizing of repaired SC1551 verified by
southern blotting (Figure 12). Therefore, the addition of a de novo telomere was
likely used as a way to repair the break at FS2 on chromosome III.

The other sectored colonies with 1X coverage on chromosome III are consistent
with a repair process that likely copied a non-homologous chromosome during repair. In
SC2547, SC2548, SC2549, and SC2564, the decrease in coverage occurs at position 170,045
on chromosome III (Figure 16). Although this pattern of decreased coverage is consistent
with what was seen in SC2551, the sizing of repaired chromosome III in each of these
sectored colonies on the Southern blot is inconsistent with the location of decreased
coverage (Figure 13). Therefore, the broken ends of chromosome III must have invaded a
non-homologous chromosome and used it for repair. Fragile site FS2 is located where the
decrease in coverage begins, so the Ty elements at FS2 could have initiated homologous
recombination with a Ty element on a different chromosome in the yeast genome. Despite
this assumption, there were no locations found in the genomes of SC2547, SC2548, SC2549,
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and SC2564 that showed an increase to 3X coverage consistent with the size of the repaired
chromosome.

Figure 16. SC2549 as an example of sectored colony repaired with nonhomologous template sequence. At location 170,045 there is a drop to 1X coverage,
which is seen by the decrease to 50% sequence coverage at that location. The yellow
sequence seen at 200 kb is the MAT locus. SC2547, SC2548 and SC2564 follow this
similar drop in coverage as seen here. The size of repaired chromosome III in SC2549 as
well as in SC2547, SC2548 and SC2564 does not match the size the chromosome would
be if there was an addition of a de novo telomere. Therefore, the repair likely occurred
with template sequence from an unidentified non-homologous chromosome in the
genome.

Analysis of sequencing across repair junctions reveals no instances of mmBIR used
for initiation of repair:
We analyzed the characteristics of sequencing reads across the junction where each
repair event was initiated. The purpose of this analysis was to determine if mmBIR may
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have been the mechanism used for repair. In each repair event, the initiation junction was
defined as the region between the last heterozygous SNP and the first homozygous YJM
SNP on chromosome III. If mmBIR was used to initiate the repair, we would expect to see a
region with a significant number of red and green paired sequence which would represent
broken chromosome III DNA annealing to another chromosome in the genome. We found
that there was no indication of microhomology being used for insertion or deletion in any
of the 18 repair events analyzed.
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DISCUSSION
Removal of Exo1p does not increase de novo telomere addition at a DSB:
Here we report that the removal of Exo1p does not increase de novo telomere
addition. Of the 18 colonies sequenced by next generation sequencing, only one, SC 2551, is
suggestive of premature telomere capping (Table 6) (Figure 15). SC2551 was originally
characterized as a BIR event based on the SNP data showing that SNP 298 was homozygous
for the YJM allele. However, the SNP testing does not tell us whether the SNP is
homozygous (two copies that are the same allele) or hemizygous (one copy, one allele). The
Southern blot analysis of SC2551 shows a substantial decrease in the size of one
chromosome III homolog, though we cannot be certain that this homolog is the original
SGD homolog without further sequencing. However, the approximate size of the truncated
chromosome III homolog is consistent with the size the chromosome would be if a de novo
telomere was added to heal the break at FS2. Four other sectored colonies had a decrease
in sequencing coverage at the same position as SC2551. This decreased coverage is
indicative that a portion of the chromosome is missing based on the NGS data. However,
the size of the repaired chromosomes based on the Southern blot analysis show that
additional sequence must have been used for repair in these four other sectored colonies;
thus, they do not have de novo telomere addition at FS2. We therefore report that
frequency of de novo telomere additions that we observed in exo1D sectored colonies is
6%. This frequency is consistent with data collected from EXO1 wildtype cells in a previous
study (personal communication, Rosen et al. 2013). This previous study found 2 of 35
repair events resulted in a repaired chromosome III that was approximately 170 kb, which
is suggestive that a de novo telomere was used for repair of a break at FS2. Therefore, the
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frequency of de novo telomere addition in a yeast diploid with Exo1p was approximately
5.7%.
Evidence has shown that slowed resection predisposes the ends at a DSB to form de
novo telomeres. Studies have seen a 40-50% level of de novo telomere formation between
one to four kilobases away from the site of a break in sgs1Dexo1D double mutant. They
hypothesized that this high level likely reflected the severe lack of resection in addition to
there being failure to activate Pif1 (Lydeard et al. 2010). This suggests that other proteins,
such as Pif1, may play a larger role in the de novo telomere predisposition during slowed
resection (Chung et al. 2010). It has been previously hypothesized that de novo telomere
formation could be due to poor DNA damage checkpoint activity and/or the lack of
phosphorylated Pif1. Pif1 is a telomerase inhibitor found in yeast that was found to actively
suppress new telomere formation in cells that are partially defective in the DNA checkpoint
response (Chung et al. 2010). Researchers found that checkpoint deficiency was not the
only factor causing de novo telomere formation, which led resection to being an important
factor. In strains defective in resection, Pif1 is still able to prevent telomere formation,
highlighting the decision a cell must make to add a premature telomere at a DSB or repair
using an alternative pathway (Chung et al. 2010, Lydeard et al. 2010, Ribeyre 2013).
In addition to Pif1, other proteins interact with Exo1p at a DSB to determine the
pathway used for repair (Figure 17). Cdc13 binds to a DSB and stabilizes it, even in the
absence of Exo1p and Sgs1p, thus promoting telomere formation. It is possible that Cdc13
competes for ssDNA in sgs1Dexo1D cells with slowed resection (Chung et al. 2010).
However, the protein complex Ku70/80 must also be bypassed for telomere formation to
occur. The Ku70/80 complex is involved in the recruitment of telomerase as well as
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protection of the ends at a DSB. Chung et al. reported that in cells with defective resection,
the Ku70/80 complex was partially bypassed (Chung et al. 2010).

Figure 17. Proteins must be bypassed for de novo telomere formation in exo1D
cells. (a) Pif1 protein and Ku70/80 protein complexes are bypassed which allows
Cdc13 protein complex to bind to DSBs and stabilizes them for de novo telomere
formation to occur. (b) Both Pif1 protein and Ku70/80 protein complexes interfere
with telomerase which pushes the cell to use an alternative pathway for repair, such
as homologous recombination.

Aside from the proteins involved in the process of premature telomere formation,
the sequence at the location of the break also influences whether de novo telomere addition
occurs. Studies have shown that at some DSB sites, de novo telomere additions are partial
to locations that are rich in TG-repeat sequence (Kramer and Haber 1993). Other studies
have verified this by reporting telomeres observed near tracks of TG-rich repeats of
various lengths (Pennaneach et al. 2006). These findings suggest that the TG-rich regions
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may act as enhancer of telomere formation by recruiting other telomere formation factors
(Pennaneach et al. 2006).
Based on our research, it appears that the exo1D mutant does not impact resection
enough to be able to compete with Cdc13 and Ku70/80 proteins. Therefore, de novo
telomere formation is less likely to occur in an exo1D mutant compared to a sgs1Dexo1D
double mutant. It should be noted that our study is limited by a small sample size and the
reported results are only suggestive that exo1D alone does not increase the formation of de
novo telomeres to heal broken DNA.
Due to the restrictions that COVID-19 placed on research at Eastern Michigan
University during the summer of 2020, the four other sectored colonies that had a decrease
in sequencing coverage at the same position as SC2551 were unable to be analyzed further.
The size of the repaired chromosome III in these four sectored colonies suggests that the
broken end of chromosome III invaded a non-homologous chromosome and used it for
repair. In these colonies, a Ty element at FS2 could have initiated homologous
recombination with a Ty element on a different chromosome in the yeast genome. To
further investigate these four sectored colonies, each big and small chromosome III on the
Southern blot should be isolated and the extracted DNA should be sequenced to determine
which corresponds to SGD and YJM homolog. The SGD homolog should be analyzed by
next-generation sequencing to determine what chromosome was used to repair the broken
end. Additionally, the sequence at the location of the supposed premature telomere in
SC2551 should be analyzed to determine if TG-rich regions are distributed nearby. If TGrich regions are discovered at these locations, this would be a better explanation for the
premature telomere formation rather than the cell lacking Exo1p.
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Inactivation of EXO1p does not decrease fidelity of BIR:
Here we report that the loss of Exo1p does not change the frequency of repair
events that occur at fragile site FS2. There was no statistical difference in the Exo1p diploid
and the exo1D diploid use of homologous recombination for repair. Within the LOH events
that did occur, there was a statistical difference in the relative frequency of GC, BIR, and
RCO in the exo1D diploid when compared to the LOH events that occurred in wildtype
Exo1p cells. Despite this finding, the number of events collected and analyzed is too small
to make any claims regarding the impact that the loss of Exo1p may have had.
To determine the fidelity of the BIR events that were collected and analyzed, we
evaluated the sequence of DNA at the junctions where the repair event happened. We
analyzed these regions of sequence for unpaired reads that signify a deletion or insertion.
After careful analysis, there were no regions identified within the 18 sequenced sectored
colonies that reflected any use of microhomology used and therefore no indication that
mmBIR initialized the repair. Because we only sequenced one sectored colony that was
repaired by GC, we were unable to determine the efficiency of GC in exo1D diploid cells.
Additionally, we did not see any regions suggestive that microhomology was used to
initiate repair.
Our findings are consistent with previous research that has shown that inactivation
of a single pathway, such as resection of a DSB by Exo1p, is only a minor defect and other
pathways can effectively compensate for this loss of function. When there is inactivation of
multiple pathways, such as in a sgs1Dexo1D double mutant, major resection defects have
occurred at DSB leading to increased LOH (Mimitou and Symington 2008, Zhu et al. 2008,
Lydeard et al. 2010, Cejka 2015). Lydeard et al. (2010) hypothesized that BIR would be
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limited in the case that resection was too extensive, such as when Sgs1 and Exo1 are
overexpressed. Rad51 is a limited resource in the cell and therefore can only form a
continuous filament with approximately 10 kb of ssDNA. This in turn means that if there is
too much ssDNA present due to increased resection, then the patches of Rad51 will not be
utilized for continuous BIR mechanism of repair (Lydeard et al. 2010).
Contrary to our hypothesis, the decreased kinetics of the second resection at a
double-strand break may support the use of BIR as the mechanism of repair. Researchers
found that the deletion of Sgs1p and Exo1p separately are 1.5 time more efficient at BIR
than wildtype cells (Lydeard et al. 2010). Our research is consistent with this hypothesis,
considering the deletion of Exo1 suppresses the overuse of Rad51 by decreasing the rate
that the resection occurs and results in 100% efficiency in BIR repair in 18 samples.
Therefore, the functional redundancy between Exo1p and Sgs1p is enough to compensate
for the loss of Exo1p function in the cell.
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